SUMMARY ANSWER: VZ can electrophysiologically detect the sulfation and sialylation changes in the uterine glycocalyx in preparation for implantation.
Introduction
Implantation failure has long been considered a major problem in infertility treatment. To improve infertility treatment, more accurate evaluation of uterine receptivity is needed. Uterine receptivity is probably not the same in every menstrual cycle because the maximum efficiency of human reproduction is~30% per cycle (Wilcox et al., 1988) . Ideally, uterine receptivity should be evaluated prospectively for each menstrual cycle.
The association of receptivity with glycosylation changes, including changes in the composition of glycoproteins, proteoglycans and glycolipids in the endometrial epithelium in mouse (Morris et al., 1988) , rabbit (Anderson et al., 1986; Zhu et al., 1992) and a variety of species including human (Zhu et al., 1990; Aplin et al., 2001; Aplin and Jones, 2012) , and the secretion profile of glycoproteins and proteoglycans in luminal fluid in mouse (Morris et al., 1988) and human (Bell et al., 1986) has previously been reported. Implantation has been suggested to begin with binding between L-selectin on trophoblasts and oligosaccharidebased ligands, including 6-sulfo sLe x (Siaα2→3 Galβ1→4[Fucα1→3] [SO 3 →6]GlcNAc) on the uterine endometrial epithelial cells (Fazleabas and Kim, 2003; Genbacev et al., 2003) . The alterations of the glycocalyx throughout the whole uterus involve shifts in sialylation and sulfation. However, it is unknown if these alterations are detectable in the vagina using electrical impedance. Bioelectrical impedance is the measurement of the circuit that is opposite to an alternating current when a voltage is applied (Kyle et al., 2004) . Vaginal bioelectrical impedance (VZ) has been applied to detect oestrus and ovulation time in a wide range of mammals including cattle, sheep, goats, horses, pigs and human (Rezac, 2008) . The most popular application is to detect pro-oestrus in rats (Bartos, 1977; Koto et al., 1987a, b; Ramos et al., 2001; Singletary et al., 2005) . If the measurement of VZ can determine alterations of the endometrium to prepare it for implantation, can this parameter be used to evaluate receptivity?
In a previous study, we established an implantation failure mouse model using transient and local suppression of a signal transducer and activator of transcription-3 (Stat3) activity, using a Stat3 decoy that was transferred into the uterine cavity during implantation (Nakamura et al., 2006) . The Stat3 decoy transfer suppressed~50% of the Stat3 activity in the uterus during the implantation period and it resulted in implantation failure that was caused by the suppression of decidualisation but with normal progesterone levels. In the present study we assessed VZ using this previous implantation failure mouse model to investigate whether the measurement of VZ might help to identify the receptivity status of the uterus.
Materials and Methods

Ethical approval
This study was approved by the animal ethics committees of Osaka University Graduate School of Medicine and Osaka Electro-Communication University. All experiments were performed according to the appropriate guidelines for animal use that were approved by the Institutional Animal Care and Use Committee (Permit Number 19-037-3, 24-001-018 and Seirinnin08-013) and the Genetic Modification Experiments Safety Committee at Osaka University (Permit Number 3333).
Animals
Specific pathogen-free Jcl:ICR mice that were purchased from a commercial breeder (SLC, Shizuoka, Japan) were used in this study. The animals were maintained under controlled conditions (temperature: 23.0 ± 1.5°C; relative humidity: 45 ± 15%). The light cycle was 12/12 h; lights were turned off at 8:00 pm and turned on at 8:00 am. The mice were acclimatized for at least one week before the experiments were begun. Virgin female Jcl:ICR mice, aged 8-10 weeks, were examined using vaginal smears to determine their sexual phases, as described in a previous study (Byers, et al., 2012) . Female mice in pro-oestrus and oestrus were mated with male Jcl:ICR mice. The morning on which vaginal plugging was first observed was designated as Day 0.5 post-coitus (p.c.).
DNA preparation
A βGal 3-O-sulfotransferase (GP3ST)-expressing plasmid pcXN2-GP3ST and an α(1,3/1,4)fucosyltransferase (FucT-III)-expressing plasmid pcDNAFucT-III (Ikeda, et al., 2001) were kindly provided by Professor Koichi Honke (Department of Biochemistry, Kochi University Medical School, Kochi, Japan). The GP3ST cDNA was introduced into the pcDNA3 expression vector (cytomegalovirus promoter driven; Invitrogen, San Diego, CA, USA) at the EcoRI-XhoI sites. Plasmid DNA was purified using a Qiagen ® EndoFree plasmid purification kit (Tokyo, Japan). Control plasmid DNA transfers were performed using pcDNA3-LacZ plasmid DNA (Nakamura, et al., 2003) . A Stat3 decoy (5′-CCTTCCGGGAATTCCTTCCGGGAATTC-3′; underlines indicate consensus element) and a scramble decoy (5′-AGTCCATTCGGC AGGCCTCTGCTCTAT-3′) were prepared as described previously (Nakamura, et al., 2006) .
Gene transfer
Four hundred micrograms each of GP3ST and FucT-III-expressing plasmid DNA (n = 15) or 800 μg of LacZ-expressing plasmid DNA as a control (n = 12) were transferred into murine uteri at pro-oestrus with a haemagglutinating virus of Japan envelope (HVJ-E) vector (GenomONE-NEO ® , Ishihara Sangyo Co., Ltd., Osaka, Japan), a non-proliferative and noninfectious vesicle about 300 nm in diameter purified after complete inactivation of Sendai virus genomic RNA. Double-stranded decoy oligodeoxynucleotides were transferred into the murine uteri (Stat3 decoy: n = 21, scramble decoy: n = 23) with the HVJ-E vector on Day 1.5 p.c. as described previously (Nakamura, et al., 2003) .
Measurement of VZ
The mice were anaesthetized with isoflurane (Forane ® , Abbott Japan Co., Ltd., Tokyo, Japan), which was delivered via a face mask at 5% during induction and at 1-2% during measurement. The VZ was measured at a frequency of 1 kHz using a rat vaginal impedance checker (Model MK-11, Muromachi Kikai Co., Ltd., Tokyo, Japan) and mouse probe (MP-35, Muromachi Kikai Co., Ltd.) ( Fig. 1 ) during the oestrous cycle and the early stage of pregnancy. Our preliminary study showed that when the distance between the probe sensor and the ostium of the uterus, which is the cephalic end of the vagina, was more than 7 mm, the variability of the individual VZ value became greater ( Supplementary Fig. S1 ). The probe was inserted into the vagina until it touched the ostium and then the probe was removed. The VZ was measured at 0-7 mm from the ostium. External contact pressure is known to affect the body-electrode interface impedance, as well as the range of bioelectrical impedance (Minczak, 2010) . To keep the same measurement conditions, we fixed the probe using a small animal stereotaxic instrument. During the oestrous cycle, vaginal smears were collected immediately after measurement of VZ (n = 63).
Histological analysis
Uterine tissues were removed and formalin-fixed. The 4-μm of paraffinembedded tissue sections were used for histological analysis.
Lectin staining
Paraffin-embedded sections were deparaffinised and then rinsed in distilled water. To eliminate the endogenous peroxidase activity, sections were incubated with 3% hydrogen peroxide for 20 min at room temperature. After rinsing in water and washing twice for 5 min in 0.05 M Tris-buffered saline (TBS, pH 7.6), sections were incubated in 10 μg/ml of MAM (Maackia amurensis mitogen, J-Chemical, Inc., Tokyo, Japan) biotinylated lectin in 0.05 M TBS containing 1 mM calcium chloride at room temperature for 1 h. Washing for 15 min in 0.05 M TBS with 1 mM calcium chloride (three changes) was followed by incubation with streptavidin-biotinperoxidase complex (Histofine ® , Nichirei, Tokyo, Japan) for 30 min at room temperature. The lectin binding sites were visualized with 3, 3′-diaminobenzidine tetrahydrochloride (DAB). Hematoxylin was used for counterstaining.
To remove sialic acids from oligosaccharides, the sections were treated for 1.5 h at 37°C with 0.1 units/ml neuraminidase from Vibrio cholerae (Roche, Tokyo, Japan) in 0.05 M sodium acetate buffer (pH 5.5) containing 4 mM calcium chloride before the treatment with hydrogen peroxide as described above.
Alcian blue staining
The presence of sulfated and carboxylated mucins as well as proteoglycans and hyaluronic acid can be demonstrated by staining with alcian blue. Saponification after methylation reverses the staining for the carboxylated mucins and hyaluronic acid, but not for sulfated mucins and/or sulfated proteoglycans (Myers, et al., 2008) . Paraffin-embedded, deparaffinised sections were processed using an alcian blue staining kit (Muto pure Chemicals Co., Ltd., Tokyo, Japan) following the manufacturer's protocol. To indentify carboxyl or sulphate acid groups in mucins, the combined methylation and saponification treatments were performed before staining with alcian blue, as previously reported (Spicer and Lillie, 1959) . In brief, for the methylation procedure, the sections were incubated in the acid methanol solution (0.1 N hydrochloric acid in absolute methanol) at 60°C for 5 h. After washing in running tap water for 5 min, the sections were incubated with saponification solution (1 g of potassium hydroxide in 100 ml of 70% ethanol) at room temperature for 30 min. Kernechtrot (Muto pure Chemicals Co., Ltd., Tokyo, Japan) was used for counterstaining.
Analysis of implantation
We administered an injection of 0.5% Evans Blue i.v. to Day 5.0 p.c. pregnant animals, 15 min prior to euthanising them to visualize the implantation sites (Huet and Dey, 1987) .
Statistical analyses
The experimental results are expressed as the mean ± SD. The data were analysed using SigmaPlot ® software 10.01 (Systat Software, Inc., San Jose, CA, USA). Data were analysed using the Kruskal-Wallis test with Dunn's multiple comparisons, or the Student's t-test or Wilcoxon's rank-sum test with the Shapiro-Wilk normality test. Differences with a P-value of <0.05 were considered significant. The values of VZ were analysed using a receiver operating characteristic (ROC) curve analysis to identify the optimal cut-off point to determine if this parameter was predictive of nonpregnancy.
Results
VZ detects the oestrous cycle in mice
The measurement system which we used in this study showed that the VZ during oestrus (3.78 ± 2.24 kΩ; n = 20) was significantly higher (Kruskal-Wallis test with Dunn's multiple comparisons) than in other stages of the cycle (1.69 ± 1.63 kΩ in pro-oestrus; n = 18, 1.11 ± 0.68 kΩ in met-oestrus; n = 12, and 0.97 ± 0.32 kΩ; n = 13 in di-oestrus phases) (Fig. 2) .
VZ detects alteration of the glycocalyx
The staining for alcian blue (Fig. 3B ) and MAM (specified to Siaα2-3 Gal) lectin (Fig. 3F ) was seen in luminal and glandular epithelium in the GP3ST+ FucT-III-transferred group, while there was no staining for either alcian blue or MAM in luminal epithelium in the control group 24 h after gene transfection. (Fig. 3A and E) . Consistent with gene transfer being restricted to luminal epithelium, MAM lectin staining in glandular epithelium was the same in the control and transfected tissues (Fig. 3E ). After methylation, staining for alcian blue was not observed in either luminal or glandular epithelium (Fig. 3C ) and saponification failed to reverse this (Fig. 3D) . Pretreatment with neuraminidase attenuated the MAM lectin staining in both luminal and glandular epithelium (Fig. 3G) . Twenty four hours after gene transfection, the GP3ST+ FucT-IIItransferred group showed a significantly decreased VZ (0.73 ± 0.06 kΩ, P = 0.010, Wilcoxon's rank-sum test) compared with that in the control group (1.08 ± 0.11 kΩ) (Fig. 4) . This result suggests that VZ can detect the sulfation and sialylation changes in the uterine glycocalyx.
VZ during the early stages of pregnancy in mice
Pregnancy is established after the uterine endometrium goes through several complex orchestrated changes during the implantation period after ovulation. We investigated whether VZ could be used to detect pre-implantation changes.
The VZ declined monotonically with days post-coitum (Fig. 5 ) and was significantly lower on Day 5.5 than that on the previous day (1.83 ± 0.10 kΩ on Day 1.5 p.c. versus 1.21 ± 0.03 kΩ on Day 2.5 p.c., P < 0.001; Student's t-test, on Day 2.5 p.c. versus 0.88 ± 0.03 kΩ on Day 3.5 p.c., P < 0.001; Wilcoxon rank-sum test, on Day 3.5 p.c. versus 0.76 ± 0.02 kΩ on Day 4.5 p.c., P = 0.004; Student's t-test, on Day 4.5 p.c. versus 0.68 ± 0.02 kΩ on Day 5.5 p.c., P = 0.029; Student's t-test). The measurement of VZ did not suppress pregnancy, and all pups were delivered between Day 18.5 and 19.5 p.c.
Alteration of sulfation and sialylation in the uterine glycocalyx after the local suppression of stat3 activity in uterus in mice It was found that on Day 5.0 p.c., 75% of mice (6/8) did not exhibit implantation sites that were detected using Evans Blue. Only two of the mice had implantation sites on one side, while implantation sites were evident in all mice on which the scramble decoy transfer was performed (8/8) ( Supplementary Fig. S2A ). To assess whether the transient and local suppression of Stat3 activity altered the sulfation and sialylation of the uterine glycocalyx, alcian blue staining and MAM lectin staining were performed using uterine tissue 24 h after the gene transfection (Day 2.5 p.c.). Alcian blue staining was observed in luminal and glandular epithelium and stromal cells in the control group (Fig. 6A   Figure 2 Vaginal bioelectrical impedance during the oestrous cycle.
The box plots show vaginal bioelectrical impedance (VZ) in each stage of the oestrous cycle (pro-oestrus; n = 18, oestrus; n = 20, met-oestrus; n = 12, di-oestrus; n = 13). The horizontal line within the box shows the median, and the dotted line within the box shows the mean value.
• Represents outliers. The data were evaluated using the Kruskal-Wallis test with Dunn's multiple comparisons (*P < 0.05). and C), whilst there was much less staining in the Stat3 decoytransferred group (Fig. 6B and D) . There was no difference in MAM lectin staining between these two groups ( Fig. 6E and F) . Methylation pretreatment attenuated alcian blue staining ( Supplementary Fig. S2B ) and the saponification pretreatment did not reverse the effect of methylation (Supplementary Fig. S2C ). Pretreatment with neuraminidase attenuated the MAM lectin staining ( Supplementary Fig. S2D and E).
VZ can predict pregnancy
On Day 2.5 p.c., 1 day before implantation, mice with a Stat3 decoy showed a significantly higher VZ (1.54 ± 0.41 kΩ) than the scramble decoy-transferred mice (1.05 ± 0.20 kΩ, P < 0.001, Wilcoxon's ranksum test) (Fig. 7A ) and naive mice (data not shown). There was no significant difference between the naive and scramble decoy-transferred groups (data not shown). After observing the pregnancy outcome, we assessed the negative predictive value of VZ regarding conception. The ROC curve analysis of VZ as a predictor of non-conception showed areas under the ROC curve of 0.91 (95% CI: 0.83-0.99) (Fig. 7B) . The optimal cut-off value of VZ at 1.25 kΩ had a sensitivity of 82.6% and a specificity (non-conception) of 76.2%.
Discussion
The active and passive electrical properties of biological systems have been applied for clinical purposes for a long time. An active response occurs when biological tissues provoke electricity from ionic activities inside cells, such as electrocardiography signals from the heart and electroencephalography signals from the brain. Passive responses occur when biological tissues are simulated through an external electrical current source, such as during analysis of bioelectrical impedance (Kyle, et al., 2004) . Analysis of bioelectrical impedance has been applied for various purposes including clinical monitoring of pulmonary, cardiovascular, circulatory and renal systems (Khalil, et al., 2014) . VZ has been applied to detect oestrus and ovulation time in animals and humans since the 1970s (Rezac, 2008) and previous authors have also found that VZ is higher at oestrus than at other stages of the cycle (Wood, et al., 2007; Agrawal, et al., 2009; Weixelbaumer, et al., 2014) .
Various glycosylation changes including sulfation and sialylation occur in the endometrium during the preparation for implantation. Local pH changes arising from the altered abundance of strong and weak anions in the uterine glycocalyx in vivo might be detected by VZ. A system for remodelling the 3′-sulfo-Le a and 3′-sulfo-Le x epitopes (Ikeda, et al., 2001 ) was used to investigate this. The local in vivo gene transfection system for the uterus using the HVJ-E vector showed peak expression of the introduced gene 24 h after transfection. The expression of introduced genes has been shown to be mainly in the luminal and glandular epithelium when the cytomegalovirus promoter-driven plasmid vector is used (Nakamura, et al., 2003) .
As an application of bioelectrical impedance analysis, the analysis of body compartments, such as fat-free mass, total body water, extracellular and intracellular water and body cell mass, is much more popular than the analysis of VZ. The instruments for the body compartments analysis use single (generally at 50 kHz) or multi (0, 1, 5, 50, 100, 200-500 kHz) frequency methods (Kyle, et al., 2004) . When bioelectrical impedance is analysed at low frequency, the current passes through the extracellular fluid because the current does not penetrate the cell membrane, which acts as an insulator. On the other hand, at very high frequency, both intra-and extracellular fluid are reflected in the measurement value (Kyle, et al., 2004) . The instrument used in the present study uses a single frequency at 1 kHz. It does not reflect the Figure 4 The effect of sulfation and sialylation changes in uterine glycocalyx on VZ. The box plots show vaginal impedance 24 h after gene transfection in the GP3ST and FucT-III-expressing plasmid DNA group (patterned box, n = 15) and LacZ-expressing plasmid DNA group (gray box, n = 12). The horizontal line within the box shows the median, and the dotted line within the box shows the mean value.
• Represents outliers. The data were evaluated using the ShapiroWilk normality test and Wilcoxon's rank-sum test (*P < 0.05). The box plots show VZ between Days 1.5 and 5.5 post-coitus (n = 12 each). The horizontal line within the box shows the median, and the dotted line within the box shows the mean value.
• Represents outliers. The data were evaluated using the Shapiro-Wilk normality test and Student's t-test (*P < 0.005, ***P < 0.05) or Wilcoxon's rank-sum test (**P < 0.001).
intracellular fluid condition but it does reflect that of the extracellular fluid. Alterations of sulfation and sialylation are the most common conditions that affect the value of bioelectrical impedance (Pethig and Kell, 1987) . The artificial sulfation and sialylation changes in the glycocalyx of luminal uterine epithelium induced here decreased the value of VZ.
Though it has been suggested that VZ might be influenced by alterations in the circulating levels of oestrogen and progesterone (Rezac, 2008) there is no correlation between the circulating levels of oestrogen and progesterone and VZ in rats (Singletary, et al., 2005) , and circulating oestrogen and progesterone could only affect the value of VZ indirectly. During the preparation for implantation, various changes involving a wide range of molecules, including those comprising the glycocalyx, occur in the uterine endometrium (Aplin, et al., 2001; Cha, et al., 2012) . However, these mechanisms are poorly understood. This study shows that VZ determines the alteration of the endometrium in preparation for implantation. However, mechanisms of direct molecular regulation of VZ are unknown and need to be evaluated in further studies.
Our previous study showed that the local and transient uterine gene transfection of Stat3 decoy on Day 1.5 p.c. suppressed~50% of Stat3 activity in the uterus on Day 5.0 p.c., resulting in <30% implantation (Nakamura, et al., 2006) . The significant increase in VZ in this implantation failure model group could be related to the diminution of sulphated uterine glycocalyx in luminal endometrium, but not to progesterone because the implantation failure model mice used in this study showed normal serum progesterone levels (Nakamura, et al., Figure 6 The effect of local suppression of Stat3 activity on sulfated and sialylated uterine glycocalyx. Twenty four hours gene transfection (1 day before implantation began), alcian blue staining with Kernechtrot counterstaining (A-D) and MAM lectin staining with hematoxylin counterstaining (E, F) staining was performed in the uterine tissue with signal transducer and activator of transcription-3 (Stat3) (B, D, F) or scramble (A, C, E) decoy. Lu, lumen; Gl, gland; Ve, blood vessel. Scale bars: (A, B, E, F) 100 μm, (C, D) 50 μm.
2006). Women with unexplained infertility also show normal serum progesterone levels and implantation failure can be an important cause of infertility. It has been reported that there was a significantly lower level of phosphorylated STAT3 in uterine endometrium during the mid-luteal phase in women with recurrent/repeated implantation failure (Dimitriadis, et al., 2007; Choi, et al., 2016) and in repeated implantation failure in women with dormant genital tuberculosis (Subramani, et al., 2016) compared to the fertile control groups.
It is still unclear whether alteration of sulfation is directly related to uterine receptivity in women. However, the alteration of sulfation in the uterine glycocalyx may be essential to prepare for implantation in women. During the menstrual cycle, the amount of sulfoglycolipid is changed (Kubushiro, et al., 1989; Kamei, et al., 1997) . The expression of sulfoglycolipid is increased due to increased activation of sulfotransferase, which regulates the synthesis of sulfoglycolipid, and a concurrent reduction of arylsulfatase A activity, which regulates the degradation of sulfoglycolipid in human uterine endometrium during the luteal phase (Kamei, et al., 1997) .
Although we have to assess the optimum VZ cut-off value for predicting non-conception for women, measurement of VZ may also help to prospectively evaluate uterine receptivity in women. The technique of freezing and thawing embryos is already well established and has been used in ART treatment worldwide. Measuring VZ combined with a frozen-thawed embryo transfer strategy may improve the efficiency of ART treatment.
Supplementary data
Supplementary data are available at Human Reproduction online. • Represents outliers. The data were evaluated using the Shapiro-Wilk normality test and Wilcoxon's rank-sum test (*P < 0.001). (B) The receiveroperating characteristic curve analysis of VZ as a predictor of nonconception.
